ABSTRACT When clonal populations of human cells are exposed to apoptosis-inducing agents, some cells die and others survive. This fractional killing arises not from mutation but from preexisting, stochastic differences in the levels and activities of proteins regulating apoptosis. Here we examine the properties of cells that survive treatment with agonists of two distinct death receptors, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and anti-FasR antibodies. We find that "survivor" cells are highly resistant to a second ligand dose applied 1 d later. Resistance is reversible, resetting after several days of culture in the absence of death ligand. "Reset" cells appear identical to drug-naive cells with respect to death ligand sensitivity and gene expression profiles. TRAIL survivors are cross-resistant to activators of FasR and vice versa and exhibit an NF-κB-dependent inflammatory phenotype. Remarkably, reversible resistance is induced in the absence of cell death when caspase inhibitors are present and can be sustained for 1 wk or more, also without cell death, by periodic ligand exposure. Thus stochastic differences in cell state can have sustained consequences for sen sitivity to prodeath ligands and acquisition of proinflammatory phenotypes. The important role played by periodicity in TRAIL exposure for induction of opposing apoptosis and survival mechanisms has implications for the design of optimal therapeutic agents and protocols.
INTRODUCTION
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the TNF family of death ligands that binds to transmembrane DR4/5 receptors and induces apoptosis via the extrinsic cell death pathway; TRAIL and DR4/5 agonist antibodies are in phase II trials as anticancer drugs (Ashkenazi and Dixit, 1999) . TRAIL is believed to play a role in tumor immune surveillance but might have other, less-well-understood, physiological activities (Takeda et al., 2002; Wilson et al., 2009) . The promise of recombinant TRAIL ligand and agonist anti-DR4/5 antibodies as cancer therapies reflects their selectivity in killing tumor cells (Ashkenazi, 2008; Ashkenazi and Herbst, 2008; Johnstone et al., 2008) . The molecular basis of sensitivity and resistance to TRAIL, however, remains relatively poorly understood (Falschlehner et al., 2007; Gonzalvez and Ashkenazi, 2010) , and clinical development has proven challenging in part because many cancers exhibit a fractional response in which only a subset of cells dies even at saturating ligand doses.
During TRAIL-induced apoptosis, binding of ligand to DR4/5 leads to formation of death-inducing signaling complexes (DISCs) and activation of initiator procaspases-8 and -10 (C8/10; Kischkel et al., 1995; Martin et al., 1998) , a process that is inhibited by the DISC protein c-FLIP (Scaffidi et al., 1999) . In some cell types (type I cells) cell death requires only C8/10 cleavage and activation of effector caspases-3 and -7 (C3/7), but in most cells (type II cells), C3/7 activity is held in check by the inhibitor of apoptosis protein XIAP (Deveraux et al., 1997) . In these cells, death requires mitochondrial outer membrane permeabilization (MOMP; Deng et al., 2002; Sun et al., 2002; Barnhart et al., 2003) . The induction of MOMP involves C8/10-mediated cleavage of Bid to tBid, which translocates to the Monitoring Editor Donald D. Newmeyer La Jolla Institute for Allergy and Immunology
We find that TRAIL survivors are highly resistant to a second dose of ligand at 24 h but that resistance disappears after several days in culture, regenerating the same degree of fractional killing observed in naive cell populations. NF-κB-mediated inflammatory genes are activated in resistant survivor cells, leading to an inflammatory phenotype, but ligand resistance itself is NF-κB independent. Resistance does not involve down-regulation of TRAIL receptors or insensitivity to inducers of intrinsic apoptosis but results from impaired DISC assembly and thus extends to other death ligands: TRAIL survivors are cross-resistant to FasR agonists and vice versa. Resistance and inflammation can be sustained with periodic TRAIL treatments, but both are reversible when cells are grown for several days in the absence of TRAIL. The idea that a transiently resistant state can be maintained in a subset of cells by repeated exposure without further cell killing shows that cell-to-cell differences within clonal cell populations can be amplified and sustained for extended periods. Transiently heritable nongenetic differences may therefore have longterm influence on the fates of cells and tissues.
RESULTS

Cells that survive treatment with death ligands are transiently resistant to a second death-ligand treatment
What distinguishes cells that survive exposure to TRAIL from those that do not? To address this question, we exposed a population of TRAIL-sensitive MCF10A cells (immortalized but nontransformed mammary epithelial cells) to sufficient TRAIL to kill 70-90% of the cell population (50 ng/ml for 6 h). Cells that survived TRAIL exposure ("survivor" cells) remained attached to the dish, whereas dead cells detached, allowing survivors to be recovered by trypsinization. Survivors were replated into fresh medium in the absence of TRAIL and were observed to divide normally. Survivor cells were then challenged with a second dose of TRAIL 1, 3, 6, or 9 d later and monitored for extent of cell death. A population of naive cells that had not been previously exposed to TRAIL served as a control ( Figure  1A ). All cultures were split regularly to avoid confluency, and cells were replated at equivalent densities. Apoptosis was assessed via multiple methods, including 1) using flow cytometry with antibodies selective for the cleaved form of the caspase-3 substrate PARP (cPARP), 2) measuring the fraction of surviving cells using a vital dye (allowing the fraction of dead cells to be calculated relative to a control population), and 3) measuring the fraction of cells positive for annexin V staining, a specific marker for loss of membrane asymmetry during apoptosis. The three assays yielded similar data.
When survivors of a first round of TRAIL treatment were challenged with TRAIL 1 d later ("day 1 survivors"), very few cells (∼10%) were positive for cPARP or annexin V staining, as compared with 85% of naive control cells ( Figure 1B and Supplemental Figure S1A ), representing a sixfold increase in TRAIL resistance (i.e., 90 vs. 15% survival; Figure 1C ). TRAIL-mediated apoptosis is dose-dependent, and resistance was observed in day 1 survivors across a wide range of TRAIL doses, with a maximum of ninefold relative resistance at the highest ligand dose tested, 500 ng/ml ( Figure 1D ). When survivor cells were passaged over a period of 3-9 d, however, sensitivity to TRAIL gradually returned, giving rise to "reset" cells that were as sensitive to TRAIL as naive cells (Figure 1, B-F) . The phenomenon of initial sensitivity to TRAIL followed by a period of resistance and subsequent regaining of sensitivity was observed with multiple clonal populations of MCF10A cells (established by single-cell cloning; Supplemental Figure S1B ), in multiple oncogenic derivatives of the MCF10A cell line (Bargmann et al., 1986; Santner et al., 2001; Debnath et al., 2003 ; Supplemental Figure S1C ), in a clonal population of the mitochondria and activates Bcl-2 family members Bax/Bak, thereby promoting self-assembly into transmembrane pores (Eskes et al., 2000) . Pore formation is possible only when levels of active Bax/Bak exceed those of antiapoptotic Bcl-2 proteins. MOMP allows the translocation of Smac and cytochrome c through pores into the cytosol (Luo et al., 1998; . Cytosolic cytochrome c serves as a platform for assembly of the apoptosome, whereas Smac binds XIAP and relieves XIAP-mediated C3/7 inhibition (Riedl and Salvesen, 2007) . After MOMP, rapid activation of C3/7 leads to processing of ICAD nucleases, digestion of the cellular proteome and genome, and cell death (Rehm et al., 2006; Albeck et al., 2008) .
In addition to apoptosis, ligands of the TNF family such as TRAIL induce prosurvival and inflammatory pathways, many of which involve NF-κB (Chaudhary et al., 1997; Jeremias and Debatin, 1998) . NF-κB is normally sequestered in the cytoplasm by IκBa, but after activation of IKK at the DISC, IκBa is phosphorylated and degraded, releasing NF-κB into the nucleus (Luo et al., 2005) . TRAIL also induces phosphorylation of kinases involved in cell survival and inflammation such as extracellular signal-regulated protein kinase (ERK), Akt, p38, and Jun-N-terminal kinase (JNK; Varfolomeev et al., 2005; Kim et al., 2008; Son et al., 2010; Sun et al., 2010a) , and these kinases, acting in combination with NF-κB, contribute to TRAIL resistance under at least some circumstances (Falschlehner et al., 2007; Guicciardi and Gores, 2009) .
Even in clonal populations of sensitive cells, substantial heterogeneity exists in TRAIL responsiveness: only a subset of cells dies, and the interval between TRAIL exposure and death varies from ∼40 min to >12 h (Rehm et al., 2002; Albeck et al., 2008; Hellwig et al., 2008) . Lineage studies show that recently born sister cells are much more similar in the timing and probability of death than are random pairs of cells but that the similarity between sisters decays rapidly. Such "transiently heritable" variability is believed to arise from natural fluctuations in the levels of proapoptotic and antiapoptotic proteins (Bhola and Simon, 2009; Rehm et al., 2009; Spencer et al., 2009 ) and in the rates or efficiency with which prodeath and prosurvival responses are activated (Zauli et al., 2005; Fricker et al., 2010) . NF-κB is postulated to play a particularly important role in the heterogeneity of receptor-mediated apoptosis (Neumann et al., 2010) , even though inhibiting NF-κB does not always sensitize cells to TRAIL (Ganten et al., 2005; Diessenbacher et al., 2008) .
Insensitivity to TRAIL is a natural feature of some cell types, but resistance can also be acquired, either by selection for resistance mutations or through adaptive changes that follow prolonged or repeated exposure to ligand (Zhang and Fang, 2005; Lane et al., 2006; Li et al., 2011) . These changes can involve down-regulation of proapoptotic proteins such as caspase-8 or Bax or up-regulation of antiapoptotic proteins such as FLIP, Bcl-2, or XIAP (Falschlehner et al., 2007) . Short-term adaptive changes have also been observed, for example, in conjunction with receptor down-regulation (Song et al., 2010) or death ligand-mediated activation of survival signals (Jang et al., 2008) , and these may occur in both resistant and fractionally sensitive cell populations (Song et al., 2007b) . In resistant cell lines, TRAIL-induced signaling can further result in inflammatory phenotypes and cancer progression (Malhi and Gores, 2006) , but how cell lines that exhibit fractional killing are affected by these pathways has been less explored.
In this article we examine the origins and consequences of fractional responsiveness to death ligands, in particular as they relate to "nondeath" signaling pathways induced by TRAIL. We ask whether cells that survive an initial exposure to TRAIL are sensitive or resistant to a second dose of death ligand applied at various later times.
survive treatment with TRAIL regenerate a population of cells with the same TRAIL sensitivity as the starting population, fractional killing is a stable property of clonal cell lines, and genetic mutation is eliminated as a significant factor.
Reversible ligand resistance was also observed after treatment of cells with an antibody agonist of the FasR/ CD95 receptor (Apo-1-3; Trauth et al., 1989) . Fas is an essential inducer of cell death in immune cells that engages a receptor-mediated apoptotic signaling pathway similar to that engaged by TRAIL (Siegel and Fleisher, 1999; Wilson et al., 2009) . Control populations of MCF10A cells exhibited a dose-dependent response to Apo-1-3, with ∼60% of cells dying at the highest antibody concentration tested. Cells that survived exposure to Apo-1-3 (5 μg/ml for 6 h) were almost completely resistant to a second dose of Apo-1-3 delivered 1 d later, regardless of dose ( Figure 2A , blue and green lines). In contrast, when MCF10A cells were exposed for 6 h to 1 μM staurosporine, sufficient drug to induce intrinsic apoptosis in ∼40% of cells, survivors were no more resistant than control cells to a second dose of staurosporine, TRAIL, or Apo-1-3 applied 24 h later (Figure 2 , A-C, pink and blue lines). Thus staurosporine survivors exhibited regeneration of a mixed population of sensitive and resistant cells within 24 h. In contrast, resistance on day 1 was specific to survivors of extrinsic cell death induced by molecules such as TRAIL and Apo-1-3.
To determine whether cells transiently resistant to TRAIL were cross-resistant to agonists of FasR and vice versa, we treated TRAIL survivors with Apo-1-3 and Apo-1-3 survivors with TRAIL and measured the extent of cell death. TRAIL survivors were threefold less sensitive to Apo-1-3 than naive control cells (Figure 2A , red line), and Apo-1-3 survivors were >10-fold more resistant to TRAIL than naive cells at the highest TRAIL dose tested ( Figure 2C , green line). In contrast, cells transiently resistant to TRAIL or Apo-1-3 were not cross-resistant to inducers of intrinsic cell death such as staurosporine or doxorubicin. We observed more, not less killing by staurosporine in TRAIL and Apo-1-3 survivors than in control cells across a range of drug doses ( Figure 2B ) and equivalent cell killing by doxorubicin in control cells and TRAIL survivors ( Figure  2D ). We conclude that TRAIL survivors are Fas-resistant and Fas survivors are TRAILresistant. Survivors of both TRAIL and Fas are apoptosis competent, however, since they can be killed to the same extent as control cells by exposure to staurosporine or doxorubicin.
colon carcinoma HCT116 cell line ( Figure 1G ), and to a greater or lesser extent in a panel of unrelated transformed and nontransformed cell lines (Supplemental Figure S1D) . Because cells that us to speculate that TRAIL and Fas ligand might actively prolong the resistant state. To test this idea, we treated cells for 18 h with TRAIL plus sufficient caspase inhibitor to prevent cell death, changed the medium, and then measured sensitivity to a second treatment with TRAIL. Cells subjected to this procedure were approximately five times more TRAIL-resistant than control cells, implying that TRAIL exposure can induce resistance without actually killing cells. As a control we showed that cells exposed to caspase inhibitor alone for 18 h were as sensitive as untreated cells to a subsequent treatment with TRAIL, demonstrating that the caspase inhibitor could be effectively washed out ( Figure 3A) . We conclude that reversible ligand resistance is induced directly by TRAIL in the absence of cell death and therefore does not involve conventional selection. Moreover, reversible resistance is not mediated by factors released from dying cells.
Repeated TRAIL exposure sustains transient ligand resistance
To determine whether resistance to TRAIL can be sustained, we exposed "survivor" cells to TRAIL on 3 successive days and remeasured the fraction of dying cells ( Figure 3B ). Whereas 80% of cells were killed by an initial exposure to TRAIL, subsequent treatment of survivor cells on days 1, 2, and 3 resulted in very low levels of killing. Such "repeat" treatment cells regained sensitivity only after a subsequent period of outgrowth in the absence of TRAIL ( Figure 3B , day 7, blue arrow and blue bar). TRAIL resistance could be sustained for at least 1 wk (the longest time tested) by periodic exposure to TRAIL but was still reversible after 3 d of outgrowth in the absence of TRAIL ( Figure 3C ). Thus, periodic TRAIL exposure sustains a transiently resistant state in virtually all cells, arguing in favor of an induced survival response rather than selection for a population of inherently resistant cells. Consistent with this, when day 1 survivor cells were exposed to TRAIL plus cycloheximide, all cells were sensitized, arguing that protein synthesis is necessary to maintain resistance (Supplemental Figure S2A ). We conclude that TRAIL and Fas induce a resistant state in surviving cells and that this state can be sustained by further TRAIL treatments even in the absence of cell death.
Survivor and repeat cells exhibit distinct expression states compared with naive and reset cells
To uncover relationships among naive (control), survivor, repeat, and reset cell states, we performed microarray-based expression analysis. RNA was collected from similar numbers of each cell population ( Figure 4A ). This revealed ∼200 genes up-regulated in day 1 TRAIL survivors as compared with control cells (assuming a threshold of 1.5-fold change and 5% false discovery rate; we confirmed a portion of the expression changes detected on arrays by quantitative PCR [qPCR]; Supplemental Figure S3A ). A subset (∼42) of the genes upregulated in survivors was also up-regulated in repeat cells ( Figure  4B and Supplemental Table S1 ). Survivor and repeat cells also each contained ∼50 down-regulated genes, but these had minimal overlap with each other ( Figure 4C and Supplemental Table S1 ). As a simple means to compare patterns of expression we performed principal components analysis (PCA). The first three PCA components captured 83% of the variance in the data, validating the approach. In PCA space, control cells clustered with reset cells and away from survivors ( Figure 4D ). Repeat cells clustered into a separate group, more closely related to controls along principal component 1 (PC1) and in between control and survivor cells along PC2 (Supplemental Table S2 ); supervised hierarchical clustering confirmed this grouping (Supplemental Figure S3B) . We conclude that reset cells are highly
TRAIL induces transient resistance even in the absence of initial cell death
The observation that survivors of staurosporine treatment regenerate a mixed population of sensitive and resistant cells within 24 h but survivors of TRAIL and Fas require several days to reset caused similar if not identical to naive cells despite having been exposed to high doses of TRAIL. In contrast, day 1 survivor cells and repeat cells exhibit distinct expression states that separate them from naive cells and from reset cells that regained TRAIL sensitivity.
Survivor and repeat cells exhibit changes in morphology, increased cell migration, and secretion of inflammatory cytokines
In addition to cell death, Fas and TRAIL can induce cell migration, proliferation, and secretion of inflammatory cytokines (Ehrhardt et al., 2003; Wajant et al., 2003; Barnhart et al., 2004; Ishimura et al., 2006; Kleber et al., 2008; Li et al., 2011) . Consistent with this, genes upregulated in survivor and repeat cells were highly enriched in Gene Ontology (GO) terms suggestive of an inflammatory response (Supplemental Tables S3 and S4 ). Analysis of conditioned media using enzyme-linked immunosorbent assay (ELISA) also revealed elevated levels of inflammatory cytokines such as IL-1A and CXCL1/ GroA in the media of survivors as compared with control cells ( Figure  5A ). To determine whether survivor and repeat cells exhibited phenotypic changes consistent with increased cell migration, we performed a Transwell chemotaxis assay. Survivor cells were observed to have approximately twofold increase in migration toward epidermal growth factor (EGF) and repeat cells approximately threefold increase relative to control cells ( Figure 5B ). Survivor and repeat cells also exhibited a change in morphology consistent with a migratory phenotype, including increased formation of actin stress fibers and lamellipodia ( Figure 5C ). Cell proliferation was slightly reduced in day 1 survivor cells, but the proliferation rates of survivor cells were identical to those of naive cells within 3 d of outgrowth in TRAIL-free medium or after 3 d of "repeat" TRAIL exposure (Supplemental Figure S4 , A and B). We conclude that cell state changes observed in survivor and repeat cells involve not only resistance to death ligands, but also inflammatory and migratory phenotypes such as elevated cytokine secretion, acquisition of an active morphology, and increased chemotactic activity.
NF-κB mediates expression of inflammatory genes and phenotypes but not induced ligand resistance
The NF-κB transcription factor plays a central role in inflammatory signaling in general and survival signaling by TNF family members in particular. Many genes upregulated in survivor cells (Supplemental Tables S1 and S4) are known to be NF-κB targets (Pahl, 1999) , and we observed NF-κB (p65) to translocate into the nucleus of TRAIL-treated MCF10A cells in a dose-dependent manner (TRAIL was less potent as an NF-κB inducer than TNF, in agreement with previous reports; Supplemental Figure S4 , C and D; Lin et al., 2000; Varfolomeev et al., 2005) . To determine whether NF-κB-mediated transcription was necessary for induction of reversible TRAIL resistance and/or inflammatory phenotypes, we stably transfected MCF10A cells with a nondegradable, dominant-negative IκBa (the IκB "superrepressor" [IκBsr]; Brown et al., 1995; Boehm et al., 2007) . Clones in which TRAIL and TNF exposure failed to cause NF-κB nuclear translocation ( Figure 5D ) were analyzed for sensitivity to FIGURE 3: Reversible resistance is induced even in the absence of cell death and is sustained by periodic TRAIL treatments. (A) Cell viability assay showing the sensitivity of control cells, cells pretreated for 18 h with TRAIL (50 ng/ml) + caspase-8 inhibitor (25 μM), or cells pretreated for 18 h with caspase inhibitor alone to a subsequent 6-h treatment with the indicated doses of TRAIL (after wash-off of the initial treatment). (B) Plot showing percentage of surviving (cleaved PARP-negative) cells after TRAIL (50 ng/ml for 6 h) treatment in a "repeat" experiment (i, red arrows and red bars), or in a parallel "reset" experiment (ii, gray arrows and gray bars). The plot shows the percentage of surviving control and day 1 survivor cells after TRAIL treatment for both experiments, followed by percentage of surviving cells after "retreatment" (50 ng/ml TRAIL for 6 h) on consecutive days as shown in the schematic (red scheme) or after allowing cells to "reset" for the number of days indicated before the final treatment (gray scheme). iii, Percentage of surviving (cleaved PARP-negative) cells after TRAIL (50 ng/ml for 6 h) treatment of cells allowed to recover for 4 additional days after three successive "repeat" treatments (blue arrow and blue bar). Vertical arrows in the schematic represent treatments (50 ng/ml TRAIL for 6 h), and stars represent collection times after treatment. Data are mean ± SE of triplicate samples. (C) Cell viability plot of the percentage of surviving control, survivors (day 1), reset (day 6), repeat (treated daily for 1 wk with 50 ng/ml for 6 h), and repeat + reset (treated daily for 1 wk with 50 ng/ ml for 6 h and then allowed to recover for 3 d in the absence of TRAIL) MCF10A cells after a 6-h TRAIL (50 ng/ml) treatment.
up-regulation of most secreted factors in survivor cells was NF-κB dependent (including IL1A/B; Supplemental Table S6 ), this further supports our conclusion that resistance and inflammatory phenotypes are mediated by two separate pathways.
Changes in the expression of individual genes do not explain reversible resistance
To narrow our search for genes whose change in expression might contribute to reversible resistance of survivor cells, we examined the list of genes up-regulated in both parental and IκBsr-expressing survivor cells (i.e., NF-κB-independent genes upregulated in resistant cells; Supplemental Table S7 ). Of note, levels of most genes associated with apoptosis (e.g., Bcl-2 family members) did not significantly change in parental survivor or IκBsr survivor cells, and this was confirmed by Western blotting for various apoptosis regulators in parental control and survivor cells (Supplemental Figure S5A ). Only three genes up-regulated in both survivors and IκBsr survivors were associated with the GO category "antiapoptosis." Of these, the gene for FLIP (CFLAR) was the most interesting because of its known role in preventing apoptosis in response to death ligands Supplemental Tables S6 and S7 ). FLIP was also up-regulated approximately twofold at the protein level in survivor cells (Supplemental Figure S5B ). FLIP mRNA expression was only slightly upregulated in repeat cells (below our cut-off threshold of 1.5-fold change), however, and we did not detect any up-regulation of FLIP protein in repeat cells (Supplemental Figure S5C) . Consistent with this observation, when FLIP expression was knocked down in MCF10A cells using specific short hairpin RNA (shRNA) constructs, the cells were not sensitized to TRAIL, nor was reversible resistance inhibited in survivor cells (Supplemental Figure S5, D and E) . However, induced cytokine secretion was inhibited in FLIP shRNA-expressing survivor cells (Supplemental Figure S5F) , confirming a role for FLIP in NFκB-mediated inflammation (Kataoka and Tschopp, 2004) .
The second "antiapoptosis" gene up-regulated in both survivor cells and IκBsr-expressing survivor cells is the cross-linking enzyme TGM-2, which was recently shown to mediate resistance to TRAILinduced cell death (Frese-Schaper et al., 2010; Li et al., 2011) . TGM-2 protein was up-regulated in both survivor and repeat MCF10A cells (Supplemental Figure S5C) ; however, cotreatment with the TGM-2 inhibitor cystamine only slightly sensitized naive and survivor cells to TRAIL-induced apoptosis (Supplemental Figure  S6A) . The third gene, HSPB1 (hsp27), was not upregulated in repeat cells (Supplemental Table S6 ). Thus we could not specifically link changes in the expression of known "resistance" genes with reversible resistance, and it is likely that this phenotype is mediated instead by changes at the protein level and/or by a multifactorial change in cell state.
Codrugging partially sensitizes resistant survivor cells
In addition to NF-κB, kinase signaling has been shown to protect cells against TRAIL-induced apoptosis, and codrugging with kinase TRAIL and changes in gene expression. In IκBsr-expressing survivor cells nearly two-thirds of the genes up-regulated in parental survivor cells were no longer induced (Supplemental Tables S1, S5 , and S6), including known NF-κB targets involved in inflammation and wounding, such as IL1A and SOD2 (array data were confirmed by qPCR; Figure 5E and Supplemental Figure S4E ). This confirms that IκBsr expression effectively inhibits NF-κB-mediated transcription and that NF-κB is responsible for many of the gene expression changes in survivor cells. Cell migration and secretion of inflammatory cytokines were also suppressed in IκBsr-expressing survivor and repeat cells (Figure 5 , F and G, and Supplemental Figure S4F ), demonstrating that both processes are mediated in large part by NF-κB. Reversible resistance of survivor and repeat cells was not inhibited by IκBsr expression, however, nor were IκBsr-expressing naive cells rendered more sensitive to TRAIL than parental MCF10A cells ( Figure  5 , H and I). Furthermore, TNF pretreatment, which strongly activates NF-κB (Supplemental Figure S4 , C and D), failed to protect MCF10A cells against subsequent TRAIL-induced death ( Figure 5J and Supplemental Figure S4G ). Thus, whereas the NF-κB pathway mediates TRAIL-induced inflammatory signaling in MCF10A survivor and repeat cells, resistance is NF-κB independent.
To test whether resistance is mediated by secreted factors, we incubated control cells for 12 h with conditioned medium from day 1 survivor cells and tested their sensitivity to TRAIL. We found that conditioned medium did not protect cells against TRAIL-induced death ( Figure 5K ). Moreover, coculture of control and survivor cells failed to protect the control cells after addition of TRAIL ( Figure 5L ). Finally, blocking the IL1A/B receptor (IL1R) with a neutralizing antibody failed to protect cells against induction of resistance or to sensitize survivor cells (Supplemental Figure S4H) . Thus resistance is cell autonomous and not mediated by secreted factors. Because inhibitors can sensitize resistant cells to TRAIL-mediated death (Lee et al., 2005; Zauli et al., 2005; Song et al., 2009; Son et al., 2010; Opel et al., 2011; Hellwig and Rehm, 2012) . To determine whether kinase signaling was involved in reversible resistance, we treated MCF10A cells with inhibitors of several kinases previously shown to play a role in TRAIL signaling (Song et al., 2009; Sun et al., 2010b) . Whereas inhibitors of mitogen-activated protein/extracellular signalrelated kinase (MEK), p38, and JNK had little effect on MCF10A cells in combination with TRAIL at a range of doses, an inhibitor of phosphatidylinositol-3 kinase (PI3K; PI-103) was potent at sensitizing both naive and survivor MCF10A cells to TRAIL-induced death: <5% of naive cells survived TRAIL plus PI-103 treatment, as compared with 20% with TRAIL alone ( Figure 6A and TNF-a (100 ng/ml) for 18 h to a subsequent 6-h treatment with the indicated doses of TRAIL. Cell survival was measured using the methylene blue viability assay. (K) Percentage apoptosis in control and day 1 survivor cells either untreated (gray bars) or pretreated for 12 h with 6-h-conditioned media from another set of day 1 survivor cells (red bars) and then treated with 50 ng/ ml TRAIL for 6 h. Apoptosis was assessed by staining with an antibody to cleaved PARP. (L) Fluorescently labeled control cells (control), fluorescently labeled survivor cells (survivors), or a 1:1 mixture of fluorescently labeled control cells and unlabeled survivor cells (mixture) either untreated or treated with 50 ng/ml TRAIL for 6 h. Dead cells were washed off, and fluorescence intensity was measured for each well using a fluorescence plate reader. Fraction of cells surviving was measured as a ratio of fluorescence intensity for each treated condition relative to its untreated control. The total cell density plated for each condition was held constant.
mental Figure S6B) . However, this level of killing was still lower than that of naive or reset cells treated with TRAIL alone ( Figure 6B , red solid line and blue dotted line). Thus, even the most potent kinase inhibitor we assayed (PI-103) was less effective at killing survivor cells than simply waiting for a few days. This demonstrates that optimizing the interval between exposures to TRAIL can be at least as, if not more, effective a means to kill cells as "codrugging" with inhibitors of known survival pathways.
To see whether survivor cells could be sensitized to TRAIL using other drugs, we examined agents previously shown to sensitize resistant cell lines to TRAIL-mediated cell death (Johnstone et al., 2008) . We observed that cotreating survivor cells with TRAIL plus gefitinib or TRAIL plus ABT-737 resulted in only a low level of killing (Supplemental Figure S6C) . Cotreating the same cells with TRAIL plus the proteasome inhibitor MG-132 or bortezomib, however, had a much larger sensitizing effect ( Figure 6 , C and D, and Supplemental Figure 6 , D and E), consistent with the known effect of these agents on many cellular targets (Menke et al., 2011) . Doxorubicin also strongly sensitized survivor cells to TRAIL-mediated apoptosis, but etoposide had a much smaller effect ( Figure 6E and Supplemental Figure S6F ). Of note, the drugs we tested had a stronger effect on survivor cells than on control cells, demonstrating that it might be valuable to test codrugging approaches for their ability to reverse transiently resistant states rather than simply look for enhanced killing in the basal state.
Resistance is mediated by impaired DISC assembly and reduced cleavage of caspase-8 substrates
To explain resistance of survivor cells at the level of signaling, we examined different components of the apoptosis pathway. First we tested the role of receptor down-regulation or degradation, phenomena responsible for ligand-mediated adaptation by many transmembrane receptors (Le Roy and Wrana, 2005) , including death ligands Song et al., 2010) . When cell-surface expression of DR4/5 receptors was measured in control and survivor cells by flow cytometry, however (using antibodies previously shown to be highly specific; Wagner et al., 2007) , we detected only modest changes: cell surface levels of DR5 were unchanged in survivor cells, and levels of DR4 were reduced less than twofold (Supplemental Figure S7A) . Levels of the two decoy receptors, DcR1 and DcR2, were also unchanged (Supplemental Figure S7B) . DR5 is believed to be the primary TRAIL receptor in MCF10A cells (Herrero-Martin et al., 2009 ), and we found MCF10A cells to be threefold more sensitive to saturating concentrations of anti-DR5 agonist antibodies than anti-DR4 antibodies (Pukac et al., 2005; Adams et al., 2008 ; Figure 7A , red and blue lines). Moreover, TRAIL survivors were highly resistant to both agonists ( Figure 7A , green and black lines), demonstrating that the observed twofold reduction in DR4 levels in survivor cells is not sufficient to explain resistance to TRAIL. TRAIL survivors were also cross-resistant to FasR agonists (as described earlier), without any detectable change in the levels of FasR (Supplemental Figure S7C) , further arguing that changes in receptor expression do not explain reversible resistance to death ligands.
To measure the ability of ligand-bound DR4/5 receptors to assemble functional DISC complexes, we used a pull-down assay involving biotinylated TRAIL (b-TRAIL; Harper and MacFarlane, 2008) . As described earlier, DR4 was less abundant in survivors than naive cells, but overall levels of DR5 receptor were nearly identical ( Figure 7B and Supplemental Figure S7D ). After stimulation with b-TRAIL, levels of DISC-bound FADD adaptor protein and cleaved caspase-8 were approximately twofold to threefold lower in survivors than in control cells, demonstrating Supplemental Figure S6B ); survivor cells were sensitized approximately threefold to fourfold to TRAIL (using a combination of 50 ng/ml TRAIL and 1-10 μM PI-103; Figure 6 , A and B, and Supple- ment, survivors contained residual tBid but little further tBid production (1 h is the most relevant time point for measuring receptor-mediated activation of initiator C8/10 because caspase feedback loops are not yet active; Albeck et al., 2008; Figure 7, D and E) . Cleavage of caspase-3 was also reduced in survivors compared with control cells, with survivor cells exhibiting some cleavage of caspase-3 to the p20 fragment but not the p17 fragment, indicating pre-MOMP rather than post-MOMP cleavage (Albeck et al., 2008) . These changes are consistent with the hypothesis that DISC formation and signaling from the DISC to the mitochondria are impaired in survivor cells in a manner that is common to both classes of death receptors.
DISCUSSION
Across a range of cell lines with different intrinsic sensitivities to TRAIL or FasL, a fraction of cells survives exposure to death ligands. The number of dying cells varies with dose and cell line, but fractional response is a fundamental feature of apoptosis. We previously ascribed fractional response in naive cell populations to stochastic fluctuations in protein abundance and activity (Spencer et al., 2009) . Moreover, we showed that cells in a clonal population that survive fractional killing regenerate both the sensitivity and the death-time distribution of the starting population, in agreement with a role for stochastic fluctuations in cell state and protein "resetting" (Flusberg et al., 2013) . In this article we investigate the properties of cells that survive initial exposure to TRAIL or anti-FasR antibodies and ask how these survivors respond to subsequent treatment with death ligand at various times. We find that survivor cells are highly resistant to TRAIL applied 24 h later and that their transcriptional profiles differ significantly from those of pretreatment (naive) cells. When survivor cells are cultured in the absence of ligand for ∼3-7 d, however, their transcriptional profiles return to the pretreatment state and cells exhibit the same fractional sensitivity to death ligands as naive cells. Although TRAIL survivors (on day 1) are highly and reversibly cross-resistant to killing by activators of the Fas pathway and vice versa, this property does not extend to inducers of intrinsic apoptosis such as staurosporine. Moreover, resistance can be sustained for 1 wk or more by periodically exposing cells to TRAIL without any cell killing (and is induced in naive cells even when death is blocked by caspase inhibitors). Like survivor cells, such "repeat" treatment cells regain TRAIL sensitivity when allowed to recover for several days in the absence of death ligand. Thus, cells in a TRAIL-sensitive population can enter a highly resistant state that is maintained by periodic exposure to TRAIL less efficient DISC formation in survivors (Figure 7 , B and C). DISC-associated FLIP levels were constant in control and survivor cells, perhaps because the protein was up-regulated approximately twofold in the latter ( Figure 7B and Supplemental Figure  S5B ). Consistent with these changes, cleavage of caspase-8 and its substrate Bid was reduced in survivor cells. Whereas naive MCF10A cells processed Bid to tBid within 1 h of TRAIL treat- Examination of NF-κB-independent changes in gene expression in survivor and repeat cells reveals a very short list of genes that are up-regulated in both situations. The majority of these genes are involved in epidermal tissue repair and have been reported to be regulated by TNF in epithelial cells (Banno et al., 2004) . Of interest, epidermal differentiation has also been associated with TRAIL resistance (Jansen et al., 2003) . Cell cycle genes comprise the largest class of genes down-regulated in survivor cells (and in IκBsr survivor cells; Supplemental Table S1 ), and slow growth rates were associated with drug resistance in previous studies (Balaban et al., 2004; Roesch et al., 2010; Sharma et al., 2010) . Repeat cells exhibit proliferation rates and expression of cell cycle genes equivalent to control cells, however, demonstrating that cell cycle does not mediate the reversibly resistant phenotype, although it might predispose cells initially to survival. Knockout of at least some antiapoptosis genes on the list of coordinately regulated genes (e.g., CFLAR) does not inhibit the acquisition of transient resistance, and we speculate that multifactorial changes associated with differentiation and with a reduced capacity for functional DISC formation are a likely explanation for the resistance phenotype.
At the level of signaling, we found that a ligand-induced change in DISC activity is associated with reversible resistance to TRAIL and FasR agonists. The composition of the DISC clearly differs between naive and survivor cells, with twofold to threefold less DISC-bound FADD and caspase-8 in survivor than control cells. Because DISCs assembled on DR4/5 and FasR are very similar (Wilson et al., 2009) , changes in the abundance or activity of DISC components would account for cross-resistance of TRAIL survivors to FasR agonists and vice versa. In contrast, control and survivor cells are equally competent to undergo MOMP when exposed to inducers of intrinsic cell death (Figure 2 , B and D, and Supplemental Figure S7F ). Several studies demonstrated that subtle changes in DISC composition can affect the balance between death and survival signaling (Muppidi et al., 2004; Varfolomeev et al., 2005; Lavrik et al., 2007; Kleber et al., 2008; Hughes et al., 2009; Fricker et al., 2010; Neumann et al., 2010) . FLIP is one such protein that has been shown to shift life-death outcomes in cells exposed to death ligands (Chang et al., 2002; Song et al., 2007a; Fricker et al., 2010; Neumann et al., 2010) , and we observed that FLIP was up-regulated in survivor cells; however, knockdown of FLIP using shRNA was not sufficient to prevent reversible resistance in MCF10A cells. Other changes in survivor cells leading to reduced DISC activity could include those affecting receptor modification or aggregation state (Tang et al., 2006; Feig et al., 2007; Song et al., 2007a; Wagner et al., 2007; Rossin et al., 2009; Mazurek et al., 2011) , reduced affinity of DISC components for intracellular tails of receptors (Harper et al., 2003) , or increased activity of inhibitory kinase pathways (Varfolomeev et al., 2005; Kleber et al., 2008; Yan et al., 2013) . Although the precise molecular mechanism awaits further testing, we postulate that these changes are likely to be multifactorial: for example, total protein expression of both caspase-8 and FADD were lower in survivor cells under certain lysis conditions (Supplemental Figure S7E) . In further support of this idea, proteasome inhibition sensitizes survivor cells to TRAIL and was previously shown to reverse multifactorial acquired TRAIL resistance (Menke et al., 2011) . In principle, proteasome inhibition could sensitize cells via stabilization of proapoptotic proteins such as caspase-3 and tBid (Breitschopf et al., 2000; Albeck et al., 2008) , thereby increasing the likelihood of death even when these proteins are activated more slowly due to reduced DISC function, or through direct alteration of the DISC (Sayers and Murphy, 2006; Brooks et al., 2010) . The PI3K/ mTOR inhibitor PI-103 was similarly shown to sensitize resistant cell types to TRAIL via alteration in the levels and phosphorylation states but resets to the drug-naive state over several days in the absence of ligand. Among the cell lines we studied, reversible resistance is most prominent for transformed and nontransformed breast epithelia, but it is also observed to a greater or lesser extent with other cell types. These observations have significant implications for maximizing cell killing by therapeutic agents targeting TRAIL receptors.
In addition to TRAIL insensitivity, survivor cells exhibit altered cell morphology, increased motility, induced secretion of cytokines, and elevated expression of inflammatory genes. These responses have been shown to be features of TRAIL or FasL responses in cell lines resistant to apoptosis (Barnhart et al., 2004; Ishimura et al., 2006; Trauzold et al., 2006; Chen et al., 2010; Li et al., 2011) . We show that similar morphological and inflammatory changes are also exhibited by the relatively resistant subpopulation of cells in a TRAIL-sensitive cell line. Moreover, many of the genes induced by TRAIL in survivor cells are similar to those previously shown to be activated by TNF in epithelial cells, representing a response to injury that both protects against future insult (through inhibition of apoptosis) and initiates healing of the injury through activation of cytokines, cellular migration, and differentiation (Banno et al., 2004 (Banno et al., , 2005 . It is possible that transient TRAIL and FasL resistance is adaptive in the same way. Motile and invasive phenotypes and inflammatory gene expression are undesirable properties for an anticancer drug, however, particularly if these properties are sustained by successive treatments.
Origins of reversible resistance
How do cells become transiently resistant to death ligand? A simple possibility is internalization and degradation of cell-surface receptors, phenomena common to hormone and growth factor receptors (Le Roy and Wrana, 2005) that are reported to dampen responsiveness to TRAIL (Austin et al., 2006; Kohlhaas et al., 2007; Zhang et al., 2009; Song et al., 2010) . We detect small changes in the levels of cell-surface DR4 in TRAIL survivors, but DR5 levels do not change. Because survivors are resistant to anti-DR5 agonist antibodies, DR4 degradation or internalization is unlikely to explain transient TRAIL resistance. Moreover, resistance to TRAIL can be induced by FasR agonists (and vice versa), and there is no evidence for changes in DR4/5 abundance under these conditions. A second straightforward explanation for reversible resistance, namely inhibition of the core apoptosis machinery, is also ruled out: survivor cells can be effectively killed with TRAIL in the presence of cycloheximide and are sensitive to inducers of intrinsic cell death such as staurosporine and doxorubicin.
Some studies suggest that NF-κB signaling plays an important role in inhibiting TRAIL-or Fas-mediated apoptosis (Jeremias and Debatin, 1998; Neumann et al., 2010) , but others suggest that it is relatively unimportant (Ganten et al., 2005; Diessenbacher et al., 2008) . TRAIL does induce a strong NF-κB-dependent transcriptional response in MCF10A cells, and blocking NF-κB activation with IκBsr prevents induction of three-fourths of the genes up-regulated in survivors (many of which are known NF-κB targets; Pahl, 1999) . This block largely inhibits acquisition of motile and inflammatory phenotypes, consistent with reports in other cell types (Ehrhardt et al., 2003; Li et al., 2003; Ishimura et al., 2006; Malhi and Gores, 2006; Trauzold et al., 2006; Tang et al., 2009) . IκBsr expression does not alter the sensitivity of naive cells to TRAIL, however, nor does it impair the acquisition of reversible TRAIL resistance. Thus, in MCF10A cells NF-κB plays an important role in TRAIL-mediated inflammation but not in the regulation of cell death: NF-κB-dependent signaling is unmasked in survivor cells but does not itself cause resistance.
The role of preexisting versus induced variability in cellular responses to TRAIL
We previously demonstrated that preexisting differences in the levels or activities of apoptotic regulators among cells in a clonal population determine the time and probability of TRAIL-induced death (Spencer et al., 2009 ). These differences are believed to arise from the stochastic fluctuations that are a fundamental feature of the reactions involved in synthesis and degradation of proteins (Sigal et al., 2006; Raj and van Oudenaarden, 2008; Eldar and Elowitz, 2010) . Stochastic fluctuations impinging on the transcriptional states of cells can also give rise to changes in fate and cell-to-cell variation in drug sensitivity (Sharma et al., 2010; Singh et al., 2010; Gupta et al., 2011) . These findings raised the question of whether reversible resistance is induced de novo by death ligand treatment or preexists in a subset of naive cells, as might be predicted from time scales of protein "remixing" (Sigal et al., 2006) . Clearly, preexisting differences affect whether cells live or die when first exposed to death ligands. However, two lines of evidence support the idea that the reversibly resistant state we observe is induced and is not merely a result of preexisting differences among cells: first, all cells enter the resistant state when cell death is blocked using a caspase inhibitor, and second, the resistant state is maintained in the absence of cell killing by exposing cells to periodic doses of TRAIL. Transcriptional profiling reveals that such "repeat" cells enter a state that is in between that of survivor and naive cells in gene expression space.
The distinction between preexisting difference and induced difference may not be so simple, however: the extent to which survival pathways are activated will itself be subject to cell-to-cell variability. Cohen et al. (2008) showed, for example, that fractional killing of cancer cells by a topoisomerase inhibitor involves differential induction of survival pathways in some cells and not others, and this may also be true of death ligands (Zauli et al., 2005; Neumann et al., 2010) . The reversible resistance induced by a 6-h treatment with TRAIL plus caspase inhibitor was less than that induced by an 18-h treatment under the same conditions, whereas 6 h was sufficient for full resistance in the absence of caspase inhibition (Supplemental Figure S2C) . We ascribe this difference to the fact that both induced survival and selection are at work in the latter case. Thus both preexisting and induced differences are likely to play a role in reversible resistance to TRAIL, and the two are almost certainly interwoven: stochastic variation in the levels of proapoptotic and antiapoptotic factors is expected to determine the rates at which competing death and survival mechanisms act on effector caspases in individual cells that are more or less prone to die. Cells that are relatively resistant due to of multiple downstream proteins, effectively "priming" cells and reducing the threshold for cell death (Opel et al., 2011) . Thus transient resistance to TRAIL has some of the hallmarks of conventional acquired resistance and can in principle be reversed using some of the same treatments. No cotreatment, however, appears as effective as simply waiting several days for cells to reset. We previously showed that relatively small but coordinated changes in protein levels are sufficient to account for variability in cell fate, time to death, and whether a cell undergoes type I or type II apoptosis (Aldridge et al., 2011; Gaudet et al., 2012) , and we hypothesize that similar subtle but coordinated changes in DISC composition are sufficient to explain reversible TRAIL resistance. We are developing a quantitative computational model of DISC biochemistry to test this hypothesis.
FIGURE 8: TRAIL induces reversible resistance and inflammatory pathways in cells that survive an initial treatment. In this schematic, yellow shadings depict nongenetic heterogeneity in protein levels or other factors in a naive cell population. After treatment, the sensitive fraction of cells dies by apoptosis via a caspase-8/10 (C8/10) pathway, and the less sensitive fraction survives (dark yellow cells). TRAIL-induced NF-κB signaling is activated in both sensitive and resistant cells but is cut short in cells that die (see blow-ups i and ii). Within hours, survivor cells activate a transcriptional program and enter a state of induced reversible resistance whose peak lasts for ∼24 h (survivors; red cells, filled nuclei); resistance involves attenuated DISC assembly that prevents activation of sufficient C8/10 to initiate apoptosis when cells are retreated with TRAIL (blow-up ii). Resistant cells exhibit activation of a FLIP-dependent, NF-κB-mediated inflammatory response, although resistance is independent of both NF-κB and FLIP. When TRAIL is removed, survival and inflammation signals decay as cells divide, and within several days protein levels redistribute such that the new cell population is equivalent to the starting control population (reset cells). In contrast, if survivors are reexposed to TRAIL treatment during the resistance stage, resistance and inflammatory phenotypes are sustained (repeat cells). NF-κB activation is submaximal upon repeated treatment of survivor/repeat cells due to attenuated DISC assembly but is sufficient to sustain inflammatory phenotypes (blow-up iii). Repeat cells (orange shading) have an intermediate gene expression profile that has characteristics of both control and survivor cells.
(MB; Sigma-Aldrich) in 50% EtOH, rinsed with H 2 O, and air dried. MB was dissolved in 10 mg/ml sarcosine (Sigma-Aldrich) and 620 -405 nm absorbance was read on a Victor 3 V Platereader (PerkinElmer, Waltham, MA); see Supplemental Materials and Methods for details. For annexin V measurements, cells were labeled with annexin V and Sytox Green according to the manufacturer's protocol (Molecular Probes, Eugene, OR) and analyzed by flow cytometry on a FACSCalibur (BD Biosciences, San Diego, CA).
Cell migration assay
Fluorescently labeled MCF10A cells were seeded in the top chambers of a 96-well, 8-μm-pore Fluoroblok Transwell cell migration device (BD Biosciences) in MCF10A media lacking EGF. Cell migration toward media containing 100 ng/ml EGF in the bottom chamber was detected after 24 h by measuring fluorescence using a Victor 3 V Platereader or by counting the number of migrated cells. Samples were run in triplicate, and the experiment was repeated at least twice.
Cytokine analysis
Control, survivor, reset, and repeat were replenished with fresh media 1 d after seeding. The 8-h-conditioned medium was collected, and cytokine secretion was analyzed by ELISA (Quantikine human CXCL1 immunoassay, R&D Systems, Minneapolis, MN; and Human IL1A ELISA, Biolegend, San Diego, CA). Concentration of secreted cytokines was normalized to cell density determined by staining cells with methylene blue.
Gene expression microarray
RNA was isolated using a NucleoSpin RNA II kit (Macherey-Nagel, Bethlehem, PA). Biotin-labeled cRNA was generated from reversetranscribed cDNA, hybridized onto Illumina Human Ref-8 Beadchip arrays (Illumina, San Diego, CA), stained with Cy3-streptavidin, and scanned on an Illumina BeadArray Reader (Microarray Core Facility, Children's Hospital, Boston, MA). Duplicate samples of control, survivors, reset, and repeat cells from three individual experiments (at least six replicates of each condition) and duplicate samples of IκB superrepressor-expressing control and survivor cells were submitted for analysis. See Supplemental Materials and Methods for further details. Tables of raw and normalized data can be found in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO; Edgar et al., 2002) and are accessible through GEO Series Accession Number GSE33340 (www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE33340). Full lists of differentially expressed genes from several different analyses are given in Supplemental Table S1 .
Western blotting
Cells were lysed in Triton lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100) or in RIPA buffer containing Mini Complete protease inhibitors (EDTA-free; Roche Molecular Biochemicals, Indianapolis, IN). Equal protein amounts determined using a BCA assay (Pierce, Rockford, IL) were boiled in sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.004% bromphenol blue, 2% β-mercaptoethanol), separated by SDS-PAGE, and transferred onto polyvinylidene fluoride or nitrocellulose membranes. Membranes were blocked with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE) and probed with primary antibodies at 4°C overnight. Information on antibodies and detection is provided in the Supplemental Materials and Methods.
DISC pull down
DISC precipitations were performed using biotin-labeled human recombinant TRAIL (b-TRAIL) as previously described (Harper natural fluctuation will be pushed into a highly resistant state by TRAIL-induced changes that affect DISC signaling; activation of an NF-κB-mediated inflammatory response is then unmasked in these cells. In the case of repeated TRAIL treatments, feedback loops are presumed to sustain resistance and inflammatory phenotypes as long as the stimulus is administered more frequently than the natural decay time of the resistant state (Figure 8) .
The existence of reversible adaptations to therapeutic drugs is an emerging theme in cancer biology (Sabnis et al., 2008; Gupta et al., 2010; Sharma et al., 2010; Muranen et al., 2012) , and it seems probable that such responses are a major factor limiting the effectiveness of chemotherapy. "Preconditioning" or "tolerance" effects ascribed to TNF-family proteins may also play a role in protecting surviving cells from exposure to a future insult (Jang et al., 2008; Rakoff-Nahoum and Medzhitov, 2009) . We have observed that the most effective method for overcoming reversible resistance in cultured cells is simply to wait for the resistant state to decay. If this holds true in animals and patients, it has implications for the optimal pharmacokinetics of TRAIL-like drugs and the interval between successive drug doses. Alternatively, it may suggest the need to identify drugs such as bortezomib that, when used in combination with TRAIL, can minimize confounding prosurvival responses.
MATERIALS AND METHODS
Cell lines and materials
MCF10A cells were obtained from J. Brugge (Harvard Medical School, Boston, MA) and were cultured as described (Debnath et al., 2003) . HCT116 cells were obtained from the American Type Culture Collection (Manassas, VA); single-cell clones were generated by serial dilution and were cultured as described (Aldridge et al., 2011) . MCF10A cells stably expressing the IκB superrepressor (Boehm et al., 2007) were generated using a retrovirus produced by cotransfection (FuGENE 6 Transfection Reagent; Roche, Indianapolis, IN) of 293T cells (American Type Culture Collection) with pCL-ampho and pBabe-Puro-IκBalpha-mut (plasmid 15291; Addgene, Cambridge, MA) and selection with puromycin. Singlecell clones generated by serial dilution were tested for complete (<0.1%) lack of nuclear translocation of NF-κB after stimulation with TNFa (PeproTech, Rocky Hill, NJ). SuperKiller TRAIL and Apo-1-3 were obtained from Alexis Biochemicals (San Diego, CA). Agonistic DR4 and DR5 antibodies were a gift from Merrimack Pharmaceuticals (Cambridge, MA). Staurosporine and doxorubicin were obtained from Sigma-Aldrich (St. Louis, MO), PI-103 from Cayman Chemical Company (Ann Arbor, MI), caspase-8 inhibitor IETD-fmk and MG-132 from EMD Biosciences (San Diego, CA), and bortezomib from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated TRAIL was a gift from M. MacFarlane (University of Leicester, Leicester, United Kingdom). Additional materials can be found in the Supplemental Materials and Methods.
Challenge-recover (survivors) experiment MCF10A cells were treated with 50 ng/ml SuperKiller TRAIL for 6 h. Dead cells were washed off, and surviving cells were collected by trypsinization and replated without TRAIL. On subsequent days cells were rechallenged with TRAIL and analyzed for extent of cell death; see Supplemental Materials and Methods for additional details.
Cell death measurements
For detection of cleaved PARP by flow cytometry, live and dead cells were combined and analyzed as previously described (Albeck et al., 2008) . For cell viability (cell count) measurements, dead cells were washed off and live cells were labeled with 5 mg/ml methylene blue and MacFarlane, 2008). MCF10A cells were treated with b-TRAIL (500 ng/ml) for the indicated times (30 or 60 min); unbound b-TRAIL was removed by washing the cells three times with icecold PBS. Cells were resuspended in Triton lysis buffer and lysed for 60 min on ice, followed by centrifugation at 15,000 × g for 30 min at 4°C. For unstimulated control cells, b-TRAIL was added directly to the lysates of untreated cells. Receptor complexes were precipitated from samples containing equal amounts of protein (bicinchoninic acid assay; Pierce) by incubation with 40 μl of streptavidin-coated magnetic beads (Dynabeads, Invitrogen, Carlsbad, CA) at 4°C overnight. Precipitates were washed with lysis buffer, and receptor complexes were eluted with sample buffer and analyzed by Western blot.
